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1 

VARIABLE FREQUENCY OSCILLATOR HAVING 
AN OUTPUT FREQUENCY THAT IS 

CONTROLLABLE 

This is a division of application Ser. No. 07/956,955, 
?led Oct. 2, 1992, which issued as US. Pat. No. 
5,331,294 on Jul. 19, 1994. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a variable-frequency 

oscillation circuit whose output frequency can be var 
ied by digital control, and a digitally controlled oscilla 
tor employing the variable-frequency oscillation circuit 
to control the period of a pulse signal. 

2. Description of the Prior Art 
A voltage-controlled oscillator (hereinafter abbrevi 

ated as “VCO”) whose output frequency can be con 
trolled by an analog control voltage has been used as a 
variable-frequency oscillator for a phase-locked loop 
(hereinafter abbreviated as “PLL”) in communications 
equipment or motor controllers. 
The center frequency of the VCO is dependent on a 

speci?c resistor and a speci?c capacitor. Therefore, the 
resistor and the capacitor must be changed when the 
center frequency needs to be changed, and the resistor 
and the capacitor need ?ne adjustment to determine the 
center frequency accurately. 
A digital control system employing a microcomputer 

or the like has been used for advanced control. How 
ever, digital control system incorporating a conven 
tional VCO needs an A/D converter to translate digital 
control signals provided by the microcomputer into 
proportional analog signals, thereby requiring a com 
plex circuit con?guration and increasing the cost of the 
digital control system. 
A known variable-frequency oscillation circuit capa 

ble of directly controlling its output frequency by a 
digital control signal divides the internal clock of a 
microcomputer or the like for triggering. However, 
since the conventional variable-frequency oscillation 
circuit capable of being controlled by digital control 
signals divides a clock signal to provide an output signal 
of a desired frequency, the frequency of the output 
signal is a low frequency on the order of 100 kHz or 
below. Accordingly, it has been impossible to apply the 
conventional variable-frequency oscillation circuit to 
communications equipment and motor controllers 
which deal with signals of frequencies in the range of 
several hundreds of KHz to several tens of MHz. 

SUMMARY OF THE INVENTION 

It is a ?rst object of the present invention to provide 
a variable-frequency oscillator including a novel circuit 
configuration whose output frequency can be directly 
controlled by digital control signals. - 
A second object of the present invention is to enable 

digital control of the output frequency of a variable 
frequency oscillate in a wide frequency range from a 
low frequency to a high frequency. 
To achieve the above objects, the present invention 

employs a pulse circulating circuit formed by connect 
ing an odd number of inverters in a ring to generate an 
output signal bycirculating a pulse signal. It is a feature 
of the present invention that the output frequency of the 
pulse circulating circuit is changed by increasing or 
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decreasing the number of the inverters by an even num 
ber at a time. 

It is another feature of the present invention that the 
number of times of circulation of a pulse is regulated to 
control the output frequency. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1. is a block diagram of a digitally controlled 
oscillator embodying the present invention; 
FIGS. 2A and 2B are views explaining the con?gura 

tion and operation of a ring oscillator (4) embodying the 
present invention; 
FIG. 3 is a diagram of the logic circuit of a data 

control unit (2) embodying the present invention; 
FIGS. 4A and 4B are views explaining the circuit 

con?guration and operation of a circulation counter (6) 
embodying the present invention; 
FIGS. 5A and 5B are views explaining the circuit 

con?guration and operation of a pulse generator em 
bodying the present invention; 
FIGS. 6A and 6B are views explaining the circuit 

con?guration and operation of a selector (10) embody 
ing the present invention; 
FIG. 7 is a time chart in explaining the operation of 

the digitally controlled oscillator embodying the pres 
ent invention; 
FIGS. 8A and 8B are views explaining the con?gura 

tion and operation of a correction data calculating unit 
for providing correction data for correcting the period 
of oscillation of the output signal of the digitally con 
trolled oscillator; 
FIG. 9 is a circuit diagram of a pulse phase difference 

coding circuits (81, 82) included in the correction data 
calculating device; and 
FIGS. 10A and 10B are views explaining the con?gu 

ration and operation of a digital PLL employing the 
digitally controlled oscillator embodying the present 
invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Referring to FIG. 1, a digitally controlled oscillator 
comprises a data controller 2, a variable-frequency os 
cillator (hereinafter referred to simply as “ring oscilla 
tor”) 4, a circulation counter 6, a pulse generator 8 and 
a selector 10. 
The data controller 2 receives a 16-bit digital data 

word CDI representing a desired period of the output 
pulse signal of the digitally controlled oscillator and 
gives control data CDU (ll bits), CDL (5 bits) and 
SEAB (1 bit) to the circulation counter 6, the ring oscil 
lator 4 and the pulse generator 8, respectively. The ring 
oscillator 4 circulates the pulse signal at a period corre 
sponding to the .5-bit control data CDL. The circulation 
counter 6 receives a circulation signal RCKC from the 
ring oscillator 4 to count the number of times of circula 
tion of the pulse signal within the ring oscillator 4, and 
then provides a detection signal TCP when the count of 
the number of times of circulation of the pulse signal 
coincides with the control data CDU given thereto 
from the data controller 2. When the circulation 
counter 6 provides the detection signal TCP, the pulse 
generator 8 selects either a circulation signal RCKA 
provided by the ring oscillator 4 or a circulation signal 
RCKB provided by the ring oscillator 4 according to 
the l-bit control signal SEAB given thereto from the 
data controller 2. and generates a pulse P0 of a prede 
termined pulse width upon the inversion of the circula 
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tion signal RCKA or RCKB. The selector 10 receives a 
selection signal SEMD specifying a mode of operation 
of the digitally controlled oscillator, i.e., a signal requir 
ing the digitally controlled oscillator to operate as an 
oscillator or as a delayed pulse generator. When the 
digitally controlled oscillator is required to operate as 
an oscillator, the selector 10 applies control pulses PT 
to the ring oscillator 4 in synchronism with the output 
pulse PO provided by the pulse generator to start and 
stop the circulating operation of the ring oscillator 4. 
When the digitally controlled oscillator is required to 
operate as a delayed pulse generator, the selector 10 
applies external reference pulses PI as the control pulses 
PT to the ring oscillator 4. 

Referring to FIG. 2A, the ring oscillator 4 has an 
inversion circuit consisting of one NAND circuit and 
sixty-four inverters INV. The NAND circuit and the 
inverters INV are connected sequentially in a, ring, that 
is, the output terminal of the NAND circuit is con 
nected to the input terminal of the ?rst inverter INV, 
the output terminal of the preceding inverter. INV is 
connected to the input terminal of the succeeding in 
verter INV, and the output terminal of the last inverter 
INV is connected to one of the input terminal of the 
NAND circuit. The selector 10 applies the control 
pulses PT to the other input terminal of the NAND 
circuit. 
A switching circuit SW1 consisting of an n-channel 

MOS transistor and a p-channel MOS transistor is con 
nected to each of lines interconnecting the adjacent 
inverters INV from the inverter INV (32), i.e. the 32nd 
stage of the ring from the NAND circuit, i.e., the let 
stage (1), to the inverter INV (48), i.e., the 48th stage of 
the ring from the NAND circuit. The input terminals of 
the inverters INV (32) to (48) subsequent, respectively, 
to the switching circuits SW1 are connected through 
switching circuits SW2 to the output terminals of the 
inverter INV (30), i.e., the 30th stage, to the inverter 
INV (15), i.e., the 15th stage, respectively. Each of the 
switching circuits SW2, similarly to the switching cir 
cuits SW1, consists of an n-channel MOS transistor and 
a p-channel MOS transistor. 
The pairs of switching circuits SW1 and SW2 con 

nected respectively to the input terminals of the invert 
ers INV (33) to INV (48) serve as stage number chang 
ing means for changing the number of stages including 
the NAND circuit and the inverters INV of the ring 
oscillator 4 in seventeen steps, i.e., steps between thirty 
three stages and sixty-?ve stages. The switching circuits 
SW1 and SW2 are turned on or turned off according to 
switching signals DCO to DC16 provided by a decoder 
20 serving as a stage number control means. 
The decoder 20 receives 5-bit control data CDL 

through a data switching circuit 22 from the data con 
troller 2. The decoder 20 makes only the switching 
signal corresponding to input data LOW and makes the 
rest of the switching signals HIGH. For example, the 
decoder 20 makes only the switching signal DCO LOW 
when the control data CDL is “00000” representing 
“0”, makes only the switching signal DCl LOW when 
the control data CDL is “00001” representing “1”, 
makes only the switching signal DC15 LOW when the 
control data CDL is “01111” representing “15” and 
makes only the switching signal DC16 LOW when the 
control data CDL is “10000” representing “16”. Each 
switching circuit SW1 is OFF when the corresponding 
switching signal DC is LOW and each switching circuit 
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4 
SW2 is ON when the corresponding switching signal 
DC is LOW. 
A circulation signal RCKC that appears at the output 

terminal of the inverter INV (15), i.e., the inverter form 
ing the 15th stage, which is not affected by the switch 
ing signals DCO to DC16 provided by the decoder 20 
and remains always functional among the sixty-four 
inverters INV, is applied to the circulation number 
counter 6. Circulation signals RCKA and RCKB that 
appear, respectively, at the output terminals of the in 
verters INV (65) and INV (64), which are not effected 
by the switching signals DCO to DC16 and remain al 
ways functional, are applied to the pulse generator 8. 
Each of the switching signals DCO to DC16 provided 

by the decoder 20 for the ON-OFF control of each of 
the pairs of the switching circuits SW1 and SW2 is 
applied directly to the n-channel MOS transistor of the 
switching circuit SW1 and to the p-channel MOS tran 
sistor of the switching circuit SW2, and is applied indi 
rectly through the inverter INV to the p-channel MOS 
transistor of the switching circuit SW1 and to the n 
channel MOS transistor of the switching circuit SW2. 
Each of the switching circuits SW1 and SW2 consists 

of the p-channel MOS transistor and the n-channel 
MOS transistor so that the rise time and fall time of the 
pulse signal passing the switching circuits SW1 and 
SW2 are equal to each other. 
The number of stages of the NAND circuit and the 

inverters INV is increased or decreased by two at a time 
in the range of thirty-three to sixty-?ve by the switching 
signals DC!) to DC16 provided by the decoder 20 so 
that the number of stages is always an odd number, for 
example, thirty-three, thirty-five, . . . or sixty-?ve. The 
output of the NAND circuit forming the first stage (1) 
goes HIGH regardless of the output of the inverter INV 
(65) forming the last stage when the control pulse PT 
provided by the selector 10 is LOW. The output of the 
NAND circuit is the inversion of the output of the last 
inverter INV (65) when the control pulse PT is HIGH. 
The outputs of the even-numbered-inverters INV, 

such as the inverter INV (2), go LOW and those of the 
odd-numbered inverters INV, such as the inverter INV 
(3), go HIGH when the control pulse PT provided by 
the selector 10 is LOW. 
When the level of the control pulse PT provided by 

the selector 10 is changed from LOW to HIGH, the 
output of the NAND circuit goes LOW after a prede 
termined inversion time, the respective levels of the 
outputs of the inverters INV are inverted, for example, 
the level of the inverter INV (2) goes HIGH and the 
level of the inverter INV (3) goes LOW, after a prede 
termined inversion time, and the level of the output of 
the NAND circuit is inverted again after the level of the 
output of the last inverter INV (65) has become the 
same level as that of the output of the NAND circuit 
and thereby the levels of the outputs of the inverters 
INV are inverted sequentially. This operation is re 
peated. 
When the control pulse PT provided by the selector 

10 is HIGH, the levels of the outputs of the NAND 
circuit and the inverters INV of the ring oscillator are 
inverted at a period x.TD, where x is the number of 
stages and TD is an inversion time required for the 
inversion of the output of each functional circuit. When 
the inversion time TD is l nsec and the number of stages 
is thirty-three, i.e., a minimum number of stages, the 
pulse signal circulating through the ring oscillator 4 is 
inverted every 33 nsec, whereby circulation signals 
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RCKA, RCKB and RCKC as shown in FIG. 2B are 
generated. 

Since the circulation signal RCKA is the output of 
the last inverter INV (65), the inversion of the circula 
tion signal RCKA occurs after the inversion of the 
output of the NAND circuit with a delay time corre 
sponding to one pulse time (x.TD). The circulation 
signal RCKB, i.e., the output of the inverter INV (64), 
is inverted after the inversion of the output of the 
NAND circuit with a delay time {(x- 1).TD}, which is 
shorter than the delay time x.TD by the inversion time 
TD. 
The data switching circuit 22 through which the 5-bit 

control data CDL provided by the data controller 2 is 
given to the decoder 20 receives the control pulse PT 
and the circulation signal RCKA gives input data 
“00000” representing “0” to the decoder 20 at an instant 
when the level of the circulation signal RCKA is 
changed from the ?rst time from HIGH to LOW after 
the control pulse PT has gone HIGH and the circulat 
ing operation of the ring oscillator 4 has been started, so 
that the switching signal DCO is LOW and the circula 
tion time is a minimum of 33.TD in the second and the 
following circulations of the pulse signal. 

Thus, upon the reception of the control data CDL, 
the ring oscillator 4 circulates the pulse signal through 
the ring consisting of the stage 33, 35, . . . or 65 corre 
sponding to the control data CDL for the ?rst time and 
circulates the pulse signal through the ring of the mini 
mum number thirty-three of stages in the second and 
the following times. 
The ring oscillator 4 gives the output RCKA of the 

last inverter INV (65) and the output RCKB of the 
inverter INV (64) to the pulse generator, because the 
minimum number of the inverters INV which can be 
determined by the switching signals DCO to DC16 is 
two. 

If only the output of the last inverter INV (65) is 
given as a circulation signal to the pulse generator 8, the 
time resolution which can be measured by the circulat 
ing operation of the ring oscillator 4 is equal to an inver 
sion time 2.TD for the two inverters INV. Therefore, 
the ring oscillator 4 is designed so that the circulation 
signals can be provided by the last inverter INV (65) 
and the inverter INV (64) precedent to the last inverter 
INV (65) to enhance the time resolution which can be 
measured by the circulating operation ‘of the ring oscil 
lator 4 to the inversion time TD. 

Referring to FIG. 3, the data controller 2 comprises 
dividers 30, 32 and 34, a subtracter 36, an adder 38, 
subtracters 40, 42 and 44, adders 46 and 48, selecting 
circuits 50 and 52, a multiplier 54 and an adder 56. 
The divider 30 divides 16-bit (bits 0 to 15) digital data 

CDI by 32 to generate ll-bit (bits 5 to 15) digital data a. 
The divider 32 divides the digital data CDI by 1024 to 
generate 6-bit (bits 10 to 15) digital data‘e. The divider 
34 divides the digital data CDI by 32 to generate digital 
data f of the lower ?ve bits (bits 5 to 9). The subtracter 
36 subtracts the 5-bit (bits 5 to 9) digital data 1' obtained 
by the divider 34 from digital data b of the lower ?ve 
bits (bits 0 to 4) of the digital data CDI to generate 6-bit 
(bits 0 to 4, S) digital data b-f including sign data S 
(positive: 0, negative: 1). The adder 38 adds the digital 
data b-f and the digital data e obtained by the divider 32 
to generate 6-bit (bits 0 to 4, S2) digital data b-f+e 
including sign data S1 (positive: 0, negative: 1). The 
subtracter 40 subtracts the digital data e obtained by the 
divider 32 from the digital data a obtained by the di 
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6 
vider 30 to generate 12-bit (bits 5 to 15, S) digital data 
a-e including sign data S (positive: 0, negative: 1). The 
subtracter 42 subtracts the sign data S1 (0 or 1) of the 
digital data b-f-i-e obtained by the adder 38 from the 
digital data a-e obtained by the subtracter 40 to generate 
l2-bit (bits 5 to 12, S) digital data a-e or a-e-l including 
the sign data S. The subtracter 44 subtracts 7-bit (bits 0 
to 5, S) digital data representing a predetermined value 
of 33 from the digital data b-f+e to generate 6-bit (bits 
0 to 4, S2) digital data b-f+e—33 including sign data S2 
(positive: 0, negative: 1). The adder 46 adds the digital 
data a-e or a-e-l obtained by the subtracter 42 and the 
inversion (l or 0) of the sign data S2 (0 or 1) of the 
digital data b-f+e—33 to generate ll-bit (bits 5 to 15) 
control data CDU. The adder 48 adds 7-bit (bits 0 to 5, 
S) digital data representing a predetermined value of 33 
and the digital data b-f+e obtained by the adder 38 to 
generate 6-bit (bits 0 to 5) digital data 33 +b-f + e. The 
selecting circuit 50 receives the sign data S2 of the 
digital data b-f+e—33 obtained by the subtracter 44, 
selects the digital data b-f+e—33 obtained by the sub 
tracter 44 when the digital data S2 is “0”, i.e., the sign 
of the digital data b-f+e—33 is positive, and selects the 
digital data b-f+e obtained by the adder 38 when the 
sign data S2 is “1”, i.e., the sign of the digital data b 
f+e—33 is negative. The selecting circuit 52 receives 
the sign data S1 of the digital data b-f-l-e obtained by 
the adder 38, selects the digital data b-f+e—-33 or 
b-f+e selected by the selecting circuit 50 when the sign 
data S1 is “0”, i.e., the digital data b-f-l-e is positive, and 
selects the digital data 33 +b-f +e obtained by the ad 
ders 48 when the sign data S1 is “1”, i.e., the digital data 
b-f+e is negative, provides 6-bit (bits 0 to 5) selection 
data and the least signi?cant bit (0) of the selection data 
as control data SEAB. The multiplier 54 multiplies the 
6-bit (bits 0 to 5) data provided by the selecting circuit 
52 by two. The adder 56 adds the lower two bits (0, 1) 
of the digital data provided by the multiplier 54 and the 
6-bit (bits 0 to 5) data provided by the selecting circuit 
52, and provides the ?ve bits (1 to 5), i.e., bits from the 
lower second bit to the lower sixth bit as control data 
CDL. 
The data controller 2 converts the digital data CDI 

into a digital signal of 33-positional notation corre 
sponding to the minimum number 33 of stages of the 
NAND circuit and the inverters INV of the ring oscilla 
tor 4 to determine the control data CDU representing 
the number of times of circulation of the pulse signal in 
the ring oscillator 4, and converts the remainder of the 
conversion of the digital data CDI into the digital signal 
of 33-positional notation into the control data CDL 
representing the number of the functional inverters 
INV for the ?rst circulation of the pulse signal and the 
control data SEAB specifying a position from which 
the circulation signal is taken by the pulse generator 8. 

Since the digital data CDI is a 16-bit digital data, 

CDI=32X(a+b) (1) 

where a represents upper eleven bits, and b represents 
lower ?ve bits, and 

CDI=l024Xe+32X(/’+b) (2) 

where e represents the upper six bits among the upper 
eleven bits and f represents the lower ?ve bits among 
the upper eleven bits. Accordingly, the digital data CDI 
can be expressed by data of 33-positional notation: 



5,420,546 
7 

cm = 33 >< [a + (b - (1)] (3) 

where (a-e) represents the number of times of circula 
tion of the pulse signal in the ring oscillator 4 having 
thirty-three stages, and (b-f+e) is the remainder. 

If 0<b-f+e < 32 in the expression (3), the least signi? 
cant bit of the 6-bit digital data is omitted when “0” or 
raised and “1” is added to the upper ?ve bits when “1” 
to obtain the 5-bit control data CDL for controlling the 
decoder 20 to generate the switching signals DCO to 
DC16 and to obtain the control data SEAB by the least 
signi?cant bit. However, when b-f+e<0 or 32 <b-f +e 
in the expression (3), which occurs in some cases, the 
values a-e and b-f+e cannot be used as control data as 
they stand. 

Accordingly, the data controller 2 is formed by a 
logic circuit as shown in FIG. 3 to generate the control 
data CDU, CDL and SEAB according to rules shown 
in the following table. 

The control data SEAB is “1” for selecting the circu 
lation signal RCKB when the fraction 2 is an odd num 
ber or “O” for selecting the circulation signal RCKA 
when the fraction 2 is an even number. 
When a 16-bit digital CDI of “1110110001100001” 

representing 60513 is applied to the data controller 2, 
a=1891, b=l, e=59 and i=3, a-e=1832 and b 
f +e=57. Therefore, the control data CDU= 1833 
(= 1832+ 1), CDL: 12 (=(57-3)/2) and SEAB: 1. 

Referring to FIG. 4A, the circulation counter 6 
which counts the number of times of circulation of a 
pulse signal in the ring oscillator 4 on the basis of the 
circulation signal RCKC provided by the ring oscillator 
4 comprises an inverting signal generating circuit 60 and 
a down counter 62. 
The inverting signal generating circuit 60 generates a 

pulse signal RCLK every time the circulation signal 
RCKC is inverted. The down counter 62 is set for an 
initial count by the control data CDU provided by the 
data controller 2, counts down the initial count at every 
reception of the output pulse RCLK from the inverting 
signal generating circuit 60, and generates a detection 
signal TCP upon the decrease of the count to zero. 
The inverting signal generating circuit 60 is provided 

with an exclusive-OR (hereinafter referred to as 
“EXOR”) circuit. The circulation signal RCKC is ap 
plied directly to a ?rst input terminal, i.e., one of the 
input terminals, of the EXOR circuit, and the circula 
tion signal RCKC is applied through a delay circuit 
consisting of an even number of inverters INV to the a 
second input terminal, i.e., the other input terminal, of 
the EXOR circuit. Thus, the circulation signal RCKC is 
applied to the second input terminal of the EXOR cir 
cuit with a delay time dependent on the number of the 
inverters INV and their inverting time relative to the 
circulation signal RCKC applied directly to the ?rst 
input terminal. Therefore, the level of the ?rst input 
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8 
terminal of the EXOR circuit and that of the second 
input terminal of the EXOR circuit remain different 
from each other for a period corresponding to the delay 
time after the inversion of the circulation signal RCKC 
and the output signal of the EXOR circuit remains 
HIGH for the period. 

Referring to FIG. 4B, the down counter 62 of the 
circulation counter 6 is set for “50” when the control 
data CDU is “50”. The count on the down counter is 
decremented by one every time the inversion signal 
generating circuit 60 generates the pulse signal RCLK. 
Upon the decrease of the count on the down counter 62 
to zero, the detection signal TCP is provided. The 
down counter 62 is initialized when the control pulse 
provided by the selector 10 is LOW, i.e., when the 
circulating operation of the ring oscillator 4 is stopped. 

Referring to FIG. 5A, the pulse generator 8 com 
prises selective switches 64 and 68, an inverting signal 
generating circuit 66, a delay line 70 and an RS ?ip-?op 
F/F. 
The selective switch 64 selects either the circulation 

signal RCKA or the circulation signal RCKB provided 
the ring oscillator 4 according to the control data 
SEAB provided by the data controller 2. The inverting 
signal generating circuit 66 generates a pulse signal P1 
every time the circulation signal RCKA or RCKB ap 
plied thereto through the selective switch 64 is inverted. 
The selective switch 68 receives the detection signal 
TCP from the circulation counter 6, passes the pulse 
signal P1 received from the inverting signal generating 
circuit 66 as a pulse generation signal P2 when the de 
tection signal TCP is HIGH, and intercepts the pulse 
signal P1 and grounds its output terminal when the 
detection signal TCP is LOW. The delay line 70 re 
ceives the pulse generation signal P2 through the selec 
tive switch 68 and provides a pulse stop signal P3 a 
predetermined time TDD after the reception of the 
pulse generation signal P2. The RS ?ip-?op F/F is set 
when the pulse generation signal P2 is applied thereto 
and is reset when the pulse stop signal P3 is applied 
thereto. 
The selective switch 64 selects the circulation signal 

RCKB when the control data SEAB is “1” and selects 
the circulation signal RCKA when the control data 
SEAB is “0”. The inverting signal generating circuit 66 
comprises an even number of inverters INV and an 
EXOR circuit. The operation of the inverting signal 
generating circuit 66 is similar to that of the inverting 
signal generating circuit 60. 
As shown in FIG. 5B, the RS ?ip-?op F/F is set by 

the pulse generation signal P2 at the instant when the 
circulation signal RCKA or RCKB applied through the 
selective switch 64 to the inverting signal generating 
circuit 66 is inverted while the detection signal TPC 
provided by the circulation counter 6 is HIGH and, 
after the delay time TDD determined by the delay line 
70, the RS ?ip-?op F/F is reset. Thus, the output signal 
of the RS ?ip-?op F/F remains HIGH for the delay 
time TDD after the inversion of the circulation signal 
RCKA or RCKB that occurs upon the completion of 
circulation of the pulse signal by a number of times of 
circulation corresponding to the control data CDU in 
the ring oscillator 4. The HIGH portion of the output 
signal of the RS ?ip-?op F/F is the output pulse P0 of 
the pulse generator 8. 

Referring to FIG. 6A, the selector 10 comprises an 
inverter INV for inverting the output pulse P0 of the 
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pulse generator 8, and a selective switch 80 which se 
lects the inverted output pulse PO obtained by inverting 
the output pulse P0 of the pulse generator 8 by the 
inverter INV when an external selection signal SEMD 
is HIGH and selects the external reference pulse PI as a 
control pulse PT when the external selection signal 
SEMD is LOW. 
As shown in FIG. 6B, the selector 10 stops the circu 

lating operation of the ring oscillator 4 during the dura 
tion of the output pulse PO generated by the pulse 
generator 8 when the selection signal SEMD is HIGH, 
and provides the control pulse PT to enable the circu 
lating operation of the ring oscillator 4 while the pulse 
generator 8 does not generate the output pulse P0. The 
period at which the digitally controlled oscillator gen 
erates the output pulses PO, i.e., the period of oscilla 
tion, can be controlled by the control pulse PT. 

Since the selector 10 selects the reference pulse PI as 
the control pulse PT when the selection signal SEMD is 
LOW, the digitally controlled oscillator is able to func 
tion as a delayed pulse generator capable of controlling 
the delay time, i.e., a time period between the reception 
of the reference pulse PI and the generation of the out 
put pulse P0 of the pulse generator 8. 
As shown in FIG. 7, in the digitally controlled oscil 

lator in this embodiment, the ring oscillator 4 stops the 
circulating operation and the circulation counter 6 is 
initialized by the control data CDU provided by the 
data controller 2 while the control pulse PT is LOW. 
Upon the inversion of the control pulse PT from LOW 
to HIGH, the ring oscillator 4 starts the circulating 
operation to circulate a pulse signal for the ?rst circula 
tion through the inverting circuit of 33+? stages (‘2:0, 
1, 2, 4, . . . or 32), i.e., the NAND circuit and the invert 
ers INV. The number 33+? of stages corresponds to a 
number speci?ed by the control data CDL provided by 
the data controller 2. The pulse signal is circulated 
through the inverting circuit of 33 stages, which is a 
minimum number of stages, for the second and the fol 
lowing circulation. 
The count on the circulation counter 6 is decre 

mented by one every time the circulation signal RCKC 
provided by the ring oscillator 4 is applied to the circu 
lation counter 6. Upon the decrease of the count on the 
circulation counter 6 to zero, that is, after the pulse 
signal has circulated in the ring oscillator 4 by a number 
of times of circulation speci?ed by the control data 
CDU, the pulse generator 8 receives either the circula 
tion signal RCKA or RCKB provided by the ring oscil 
lator 4 according to the control data SEAB provided by 
the data controller 2 and generates the output pulse PO 
for the predetermined time TDD. 

Accordingly, the time interval between the genera 
tion of two successive output pulses P0 of the pulse 
generator 8 can be controlled repeatedly controlled by 
the control data CDU, CDL and SEAB generated by 
the data controller 2 according to the digital data CDI 
by applying the selection signal SEMD of HIGH to the 
selector 10 to make the selector 10 select the control 
pulse PT in synchronism with the output pulse PO, so 
that the digitally controlled oscillator is able to function 
as an oscillator the period of oscillation of which is 
digitally controllable. The time interval between the 
reception of the reference pulse and the generation of 
the output pulse P0 of the pulse generator 8 can be 
controlled by the control data CDU, CDL and SEAB 
generated according to the digital data CDI provided 
by the data controller 2 when the selection signal 
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SEMD of LOW is applied to the selector 10 to make the 
selector 10 provides the reference pulse PI as the con 
trol pulse PT, so that the digitally controllable oscillator 
is able to function as a delayed pulse generator the delay 
time of which is digitally controllable. 
The pulse width of the output pulse P0 of the pulse 

generator 8, i.e., the delay time TDD determined by the 
delay line 70, is not shorter than a time required for the 
pulse signal to circulate once, i.e., a time obtained by 
multiplying the inverting time TD required for the 
inverting operation of one stage by the number of stages 
of the NAND circuit and the inverters INV forming the 
ring oscillator 4 (33><TD, in this embodiment), when 
the output pulse PO is generated, because the circulat 
ing operation of the ring oscillator 4 is completed after 
the control pulse PT provided by the selector 10 has 
become LOW when both the output of the last inverter 
INV (65) of the ring oscillator 4 and the output of the 
NAND circuit becomes HIGH, and hence the pulse 
signal must be circulated once through the NAND 
circuit forming the ?rst stage through the last inverter 
INV (65) forming the last stage. 

Thus, the operating mode of the digitally controlled 
oscillator of the present invention can be changed by 
the external selection signal SEMD between an operat 
ing mode in which the digitally controlled oscillator 
operates as an oscillator capable of digitally controlling 
the period at which the output pulses P0 are generated 
and in an operating mode in which the digitally con 
trolled oscillator operates as a delayed pulse generator 
capable of digitally controlling the delay time. The 
period at which the output pulses P0 are generated or 
the delay time by which the output pulse PO is delayed 
can be determined by the external digital data CD1, and 
the period of the output pulses P0 or the delay time can 
be changed stepwise by a step corresponding to the time 
for the inversion of each inverter INV of the ring oscil 
lator 4 at a time. The period at which the output pulses 
P0 are generated can be varied in a wide range by 
varying the number of times of circulation of the pulse 
signal in the ring oscillator 4. Accordingly, the fre 
quency of the output signal of the digitally controlled 
oscillator can be digitally controlled in a high resolution 
in a wide frequency range of several Hz to several tens 
of MHz. 

In this embodiment, the period at which the output 
pulses P0 are generated is controlled by controlling the 
number of stages of the NAND circuit and the inverters 
INV of the ring oscillator 4 for the ?rst circulation of 
the pulse signal in the ring oscillator 4 and the number 
of the stages is reduced to the minimum number of 
stages, i.e., 33 stages, for the second and the following 
circulation of the pulse signal. However, the number of 
the stages may be controlled by any method provided 
that the method is capable of accurately measuring the 
time required for the circulation of the pulse signal in 
the ring oscillator 4. For example, the pulse signal may 
be circulated in the ring oscillator of the maximum 
number of stages, i.e., 65 stages, in the normal state and 
the number of stages may be controlled only once, or 
the number of the stages may be changed repeatedly 
according to predetermined conditions. 
The frequency of the output pulses P0 of the digi 

tally controlled oscillator can be set by the external 
digital data CD1 and the frequency is dependent on the 
circulation of the pulse signal in the ring oscillator 4. 
Therefore, the accurate control of the frequency ac 
cording to the digital data CDI is impossible if the in 
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verting time TD of the inverting circuits, i.e., the NOT 
AND element and the inverters INV, varies. 

Since the digitally controlled oscillator is capable of 
the digital control of the frequency of oscillation, the 
frequency of oscillation can be simply and surely cor 
rected by comparing the frequency of the output pulses 
of the digitally controlled oscillator with a reference 
frequency of output pulses of a reference oscillator, 
such as a quartz oscillator, setting correction data on the 
basis of the result of the comparison, and applying the 
external digital data CDI to the data controller 2 after 
correcting the external digital data CDI by using the 
correction data. An example of a correction data calcu 
lating device for determining the correction data will be 
described hereinafter with reference to FIGS. 8A, 8B 
and 9. 

Referring to FIG. 8A, the correction data calculating 
device comprises a ?rst pulse phase difference coding 
circuit 81 which codes the phase difference between 
input pulses, a second pulse phase difference coding 
circuit 82 which codes the phase difference between 
input pulses, and a correction calculating circuit 83 for 
calculating correction data D0 on the basis of coded 
data provided by the pulse phase difference coding 
circuits 81 and 82. The ?rst pulse difference coding 
circuit 81 receives reference pulses. PA generated by a 
reference oscillator, such as a quartz oscillator, and the 
output pulses P0 of the digitally controlled oscillator. 
The second pulse phase difference coding circuit 82 
receives the reference pulses PA and delayed pulses PB 
produced by delaying the reference pulses PA by a 
predetermined delay time. The output pulses P0 of the 
digitally controlled oscillator applied to the ?rst pulse 
phase difference coding circuit 81 are those which are 
generated by the digitally controlled oscillator when 
the digital data CDI speci?es a frequency of oscillation 
equal to that of the reference pulses PA. . 
As shown in FIG. 9, each of the pulse phase differ 

ence coding circuits 81 and 82 comprises a ring delayed 
pulse generator 84 consisting of an OR circuit, a NAND 
circuit and an even number of inverters INV, which are 
connected in series to form a ring, a counter 86, a pulse 
selector 88 and an encoder 90. These pulse phase differ 
ence coding circuits 81 and 82 are equivalent to those 
proposed in US. Pat. No. 5,128,624 assigned to the 
assignee of the present application. of the present patent 
application. 
The operation of the pulse phase difference coding 

circuits 81 and 82 will be described hereinafter. 
The reference pulses PA is applied to the input termi 

nal of the OR circuit of the ring delayed pulse generat 
ing circuit 84 of the pulse phase difference coding cir 
cuit 81 (82). Then, a plurality of delayed pulses appear 
at connection points in the ring delayed pulse generat 
ing circuit 84, respectively, and the delayed pulses are 
given to the pulse selector 88. Delay times by which the 
delayed pulses are delayed, respectively, are dependent 
on the number of the inverters INV before the connec 
tion points where the delayed pulses appear. The pulse 
selector 88 receives another input pulse PO (PB). Upon 
the reception of the pulses PO (PB), the pulse selector 
88 selects only the output from a stage of the ring de 
layed pulse generating circuit 84 reached by the refer 
ence pulse PA among the plurality of outputs of the ring 
delayed pulse generating circuit and gives a signal cor 
responding to the selected signal to the encoder 90. 
Then, the encoder 90 generates a binary digital signal 
corresponding to the input. Since the output terminal of 
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the last inverter INV forming the last stage of the ring 
delayed pulse generating circuit 84 is connected to one 
of the input terminals of the OR circuit, the reference 
pulse PA is returned to the OR circuit with a delay time 
required for the reference pulse PA to pass through all 
the stages of the ring delayed pulse generating circuit 
84. Thus, the reference pulse PA circulates through the 
ring delayed pulse generating circuit 84. The counter 86 
is connected to the last inverter INV forming the last 
stage of the ring delayed pulse generating circuit 84 to 
count the number of times of circulation of the refer 
ence pulse PA. The counter 86 provides the counted 
number of times of circulation of the reference pulse PA 
as an upper bit of the output signal of the encoder 90. 

Consequently, as shown in FIG. 8B, a digital value 
DAO representing the phase difference between the 
pulses PA and P0 or a digital value DAB representing 
the phase difference between the pulses PA and PB is 
obtained from the output signals of the pulse phase 
difference encoding circuits 81 and 82. The construc 
tion and function of the pulse phase difference coding 
circuits 81 and 82 are described in US. Pat. No. 
5,128,624. 
Thus, the ?rst pulse phase difference coding circuit 

81 provides the digital value DAO representing the 
phase difference between the output pulse P0 of the 
digitally controlled oscillator and the reference pulse 
PA generated by the reference oscillator, and the sec 
ond pulse phase difference coding circuit 82 provides 
the digital value DAO representing the phase difference 
between the reference pulses PA and PB. Since the 
digital value DAB represents the known input time 
difference between the-reference pulses PA and PB, 
which are generated at the same frequencies, the digital 
value DAB can be used as reference time data. Since the 
digital value DAO represents merely the time difference 
between the leading edge of the reference pulse PA and 
that of the output pulse PO, it is impossible to determine 
the deviation of the period of the output pulses PO from 
that of the reference pulses PA directly from the digital 
value DAO. 
The correction calculating circuit 83 calculates the 

difference between the two successive digital values 
DAOl and DA02 provided by the ?rst pulse phase 
difference coding circuit 81 to obtain a digital value 
“DAO=DA02—DAO1 corresponding to the time 
difference of the period of the output pulses PO relative 
to the reference pulses PA. If “DAO>0, the period of 
the output pulses PO is longer than that of the reference 
pulses PA. If “DAO <0, the period of the output pulses 
PO is shorter than that of the reference pulses PA. 
Time difference data TAO=TAB.“DAO/DAB, 

where TAB is time represented by the digital value 
DAB, is calculated, the time difference data TAO and 
the reference period TA of the reference pulses PA are 
added to obtain the actual period TO (=TA+TAO) of 
oscillation of the output pulses PO, and then the refer 
ence period TA is divided by the period TO to deter 
mine correction data D0 (=TA/TO). 

Suppose, for example, that the reference frequency of 
oscillation of the reference oscillator is 1 MHz (peri 
od =1000 nsec), the digital data CDI specifying a period 
of oscillation of 1000 nsec is applied to the digitally 
controlled oscillator and the actual period of oscillation 
is 800 nsec. Then, the time difference data TAO: -200 
nsec, the period TO= 800 nsec (TAO: —200 nsec and 
TA: 1000 nsec), and the correction data 
D0: l.25= 1000/300. 
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In this case, in operating the digitally controlled oscil 
lator, correction digital data CCDI=D0.CDI obtained 
by correcting the digital data CDI by the correction 
data D0 is applied to the data controller 2 to make the 
digitally controlled oscillator generate the output pulses 
P0 of a period corresponding to the digital data CDI. 

Since the frequency of oscillation of the digitally 
controlled oscillator can be controlled even in a high 
frequency range of several tens of MHz by applying the 
digital data CDI to the data controller 2, the digitally 
controlled oscillator is applicable to high-frequency 
PLLs for communications equipment and motor con 
trollers. For example, as shown in FIG. 10A, a high-fre 
quency PLL that does not need any A/O converter or 
the like can be formed by using the digitally controlled 
oscillator as a variable-frequency oscillator 92, the pulse 
phase difference coding circuit of FIG. 9 as a phase 
comparator 94, and a known digital filter as a loop filter 
96. 
FIG. 10B is a time chart explaining the high-fre 

quency digital PLL of FIG. 10A. The phase compara 
tor 94 provides a digital value DA representing the 
phase difference between an output pulse PO and an 
external reference pulse PC, the loop ?lter 96 converts 
the digital value DA into a digital value DB and gives 
the digital value DB to the variable-frequency oscillator 
92, so that the output pulse PO is controlled by the 
reference pulse PC. In this high-frequency PLL, varia 
tion of the inverting time of the inverters of the ring 
oscillator of the digitally controlled oscillator is cor 
rected automatically by feedback control, the fre 
quency control data need not be corrected. 
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The digitally controlled oscillator described herein _ 
uses the ring oscillator 4 shown in FIG. 2A to control 
the frequency of oscillation by using the number of 35 
times of circulation of the pulse signal. However, a 
desired frequency of oscillation may be determined by 
controlling the number of the functional inverters INV 
of the ring oscillator 4. 
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What is claimed is: 
1. A variable-frequency oscillator whose output fre 

quency is controllable, said oscillator comprising: 
pulse circulating means including a plurality of in 

verting circuits directly electrically connected to 
each other in a ring shape for circulating a pulse 
signal therein so that said pulse signal becomes 
delayed pulse signals each time said pulse signal is 
passed through each said inverting circuits; 

data controller means for producing variable digital 
data having a plurality of bits including ?rst prede 
termined adjacent bits and second predetermined 
adjacent bits indicative of ?rst and second num 
bers, respectively, said digital data corresponding 
to a desired frequency and maximum value of said 
second number being smaller than a minimum 

’ value of said first number; 
counter means connected to said pulse circulating 
means and said data controller means for counting 
a number of times of circulation of said pulse signal 
in said pulse circulating means and for producing a 
counter output signal when the counted number 
equals said ?rst number; 

pulse generating means connected to said pulse circu 
lating means and said counter means for receiving 
said counter output signal and one of said delayed 
pulse signals and for generating an oscillation sig 
nal at said desired frequency dependent on said ?rst 
and second numbers; and 

control means connected to said data controller 
means for determining which one of said delayed 
pulse signals is selectively used by said pulse gener 
ating means. ' 

2. A variable-frequency oscillator according to claim‘ 
1, further including: 
changing means for changing the number of direct 

electrical connection of said inverting circuits to 
change said one of said delayed pulse signals. 
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